The Limpopo Belt is a complex accretionary terrane that has undergone numerous deformational events. Tectonically juxtaposed lithology, open to isoclinal folding, cross-cutting and re-activated shear zones, and closely interlayered metamorphic gneisses and schists make pit slope design and maintenance risky. Pit slope design effects the stripping ratio and the "bottom-line" profitability of a mine. The geological model is the basis on which a pit design starts. At Venetia Mine the model is a tight, northward verging syncline that plunges shallowly towards the east-northeast. The geology has been modeled three-dimensionally using GEMCOM software. The jointing patterns have been studied and hypothetically related to the geology. The synform fold model implies three major pit slope design sectors, the (a) southern limb, (b) fold hinge zone and (c) northern limb of the fold. The southern limb experiences predominantly planar failure, a problem that has resulted in a reduction in the pit slope angle from 51 o to 37 o and 44 o in two of the southern domains respectively. The northern limb undergoes bench-scale toppling and wedge failure. The hinge zone suffers only from local wedge failure. Bench-scale folding and brittle faulting have created more local problems. Some faults create large slope-scale wedge failures. These geological variations and the relative orientation/position of the excavation necessitated the definition of a total of 11 geotechnical domains, each with an individual pit slope design. The improved understanding of the geology and its impact on the rockmass behaviour will lead to improved blasting practices and steeper slope angles.
Introduction
Venetia Diamond Mine lies within the Central Zone of the Limpopo Belt. There are at least 14 distinctly separate kimberlite bodies in the Venetia Cluster (Figure 1 ). Only the two largest pipes, K001 and K002 (12.7 and 5 hectares in surface area respectively), have significant influence over the Net Profit Value of the mine and the open pit design.
The mine opened in 1993, open pit mining two pits, K1 and K2, centred on the K001 and K002 pipes respectively. The pits are currently joined with the deepest point in the K1 pit at 120m. The rest of the satellite kimberlite pipes are much smaller and will be partially mined out as the pit expands. The shapes of the kimberlite pipes are unusually irregular, almost certainly reflecting the complex structural nature of the country rock into which the pipes intruded 519 +/-6 Ma ago (Phillips et al., 1999) .
Open pits expand in stepped phases termed cuts. Each cut starts from the surface pushing back more waste in order to reach greater depths, maintaining at the same time some fixed design slope angle. Venetia Mine is currently completing cut 2 that will reach a depth of 144m, and has already moved 4 benches of the southern half of cut 3 that is planned to reach a depth of 360m early next decade, depending on diamond sales (Gallagher and Kear, 2001) . The mine has a life expectancy to at least 2020 and underground mining techniques will most likely extend the life of mine.
The stripping ratio is a crucial aspect of an open pit's profitability, and the pit slope angle has the greatest effect on this. The maximum slope angle for Cut 2 was derived during the initial feasibility study and was specified as 51 o crest-to-crest, with 12m high benches.
This feasibility study was undertaken in 1989 and involved a detailed geotechnical analysis of 15 available diamond drillcores from the country rock, surface geological mapping and rock property tests on samples (Terbrugge, 1989) . Concern over the performance of the Cut 2 slopes pushed the need for a more comprehensive geological study of the waste rock at the mine. No geotechnical or hydrological analysis can be done without a reliable geological model. The resulting geological model allows understanding of the rockmass behaviour in the mining environment. This paper describes how the revised geological model was derived, and how the geology affects the slope behaviour and ultimately the pit slope design.
Starting the model
No detailed geological model for the waste rock had been created before 1999, and therefore no further slope design or reliable mine planning could proceed. The requirement to build a model was therefore urgent particularly since the mine was due to begin pushing back waste to new slopes at the end of 1999. Work undertaken previously on the Venetia property includes Anglovaal mapping in the early 1980's, a premining MSc mapping study (Pretorius, 1986; Parrish, 1989) , regional mapping by Pretorius (1992) kimberlite pipes are located in the centre of a large fold structure. The shapes of the 14 known pipes in the Venetia cluster at the time of the study existed as a geological model, which was a job overseen by the Resident Geologist (Seggie et al., 1999) . Although unusually irregular in shape, they were modelled with the typical kimberlite volcanic pipe shape reducing in cross-sectional area with depth. Many kilometres of drilling have located the kimberlite contacts to depths beyond that required for the current study. The first step towards producing an acceptable country rock geology model was a comprehensive drilling program that targeted the southern slopes initially because the cut 3 split-shell was due to begin pushing back waste in the southern half of the pit. A total of 5497m of diamond core drilling in the south was followed by 3372m in the northern slopes. These drillholes were carefully sited and orientated to retrieve information from the rockmass in the estimated position of the future Cut 3 slopes. The core was logged in detail for geological and engineering characteristics of the rock.
In the open pit, nearly 100% of the geological structures are exposed. The very behaviour of the rockmass during mining (drilling, blasting and loading) gives valuable clues about its nature. The pit geology gives the starting point for geological interpolation of the surrounding rockmass.
Geological Model for the Country Rock Folding
The pit was geologically mapped. The mine cuts into a large variety of gneissic and schistose metamorphic rocks that have reached upper amphibolite facies (Parrish, 1989; Klemd et.al., 2003) . The Central Zone of the Limpopo Belt is regarded by many as the result of Achaean and Protereozoic compressive interaction between the Zimbabwe and Kaapvaal Cratons. The rocks at Venetia Mine are part of the Central Zone and have clearly undergone numerous phases of shearing and folding. Mapping indicated that the pit was situated in the core (Figure 2 ) of a northward verging, shallowly eastward plunging synclinal fold (D1 from Barton et al., 2003) . As a direct result of this folding there are three primary structural domains for consideration, the northward dipping southern limb of the fold (intermediate angles), the axis of the fold and the steeply northward dipping northern limb of the fold. It is clear from more recent pit mapping and from aerial photograph interpretations (Figure 3 ) that the overall fold shape is controlled by the interaction between at least three fold axes of the same trend, en-echeloned or stepping towards the west and the north. Future exploration drilling must determine whether this folding is confined only to the gneisses as suggested in Figure 3a . In the vicinity of the open pit this, synclinorium plunges at about 31 o towards the eastnortheast ( Figure 4a ). Bench-scale interference folds are common, particularly on the southern limb. These folds vary extensively in trend from north-south through northeast to east-west (Figure 4b) . The cross-folds become tighter towards the western hinge zone. They vary in character from open northward plunging (parallel to the northward dip of the southern limb) folds to tight northeast plunging folds (up to 40 o from the horizontal).
The northward plunging folds are likely to have formed from east-west compression (D2) and the northeast plunging folds as coeval fault-parallel folding during D2 transpressional dextral strike-slip motion on northeast striking faults. Watkeys (1983a) refers to six phases of deformation in the Limpopo Belt. Barton et al. (2003) illustrate how the F1 fold axes (of D1) are folded by F2 (D2) axes that trend north-northeast on a regional scale.
Faulting
Cross-cutting the D1 folding are north-east striking faults that have dextral strike-slip shear senses (Figure 3) . One large fault (locally named the Lezel fault, see Figure 3 ) and a splay cut through the pit, influencing the geometry of the kimberlites. The Lezel fault has a displacement varying along its length from 150m to 200m. These northeast striking fault structures are part of the Mutshilashokwe Fault System (Watkeys, 1983b) . These faults are interpreted by the author as forming as transpressional, dextral strike-slip faults from east-west compression (D2). The faults have been reactivated on at least three occasions. Thin (10cm to 2m) pegmatite sills crosscut the folding and faulting but not the kimberlite. The pegmatite sills locally intrude the preexisting fabric of the fault zones, yet are displaced sinistrally by less than 10m by reactivated splays of the Lezel fault system. The close spatial and geometric association of the kimberlite with the northeast trending faults indicates that the faults existed during kimberlite emplacement (Kurslaukis and Barnett, 2003) , but later re-activated movement on the faults also sheared the kimberlite. Fault parallel joints within the kimberlite have up to two sets of surface striations. There are other minor faults varying in strike from east-west to northwest. The Gloudina Fault follows near to the axis of the fold and strikes approximately east-west. The author's preferred interpretation for origin of these faults is again a dextral transpressional orogeny, but with north-northwest compression (D1). See the section on jointing below for further detail. 
Lithology
A number of lithological domains were also identified during the study. The most important lithological boundary is the contact between the kimberlite ore and the country rock waste. The kimberlite contact typically follows pre-existing joints sets (e.g. Barnett, 1998) . The contact is often sheared, altered and permeable to groundwater, making it a priority engineering concern. Internally, the kimberlite has less developed joint sets than the country rock but weathers extremely quickly.
Within the country rock, there are two packages of rocks (The upper two units within the Venetia klippe . The first package is exposed in the current Cut 2 pit slopes. This group is referred to as the "Gneiss Package" and comprises predominantly biotite gneiss, biotite schist, quartzo-feldspathic gneiss and amphibolitic gneiss. Rocks of the "Gneiss Package" are strongly sheared and deformed, with clear mineral lineations and definite schistose and gneissic fabrics. These rocks are located in the core of the fold through which most of the kimberlites have intruded. This "Gneiss Package" is weathered to a depth of 20 to 30m below surface.
The second package is known locally as the "Metasedimentary Package" and comprises limestone and marble interbedded with metapelite and calcsilicate. Fuchsitic quartzite is also common particularly adjacent the tectonic contact between the two packages, and can be used as a good marker layer (Figure 2 ). Near the open pit, the lithologies of the "Metasedimentary Package" have less strongly developed mineral lineations and have schistose fabrics only on definite shear zones. The package contains fewer garnets, which tend to cluster in sheared, hydrothermally altered areas. The weathering profile for this package goes down as deep as 60m.
The contact between the two packages is marked by cataclasites and schists forming a tectonic melange. From the aerial photograph and geological modelling of drillhole logs, it is clear that the layering in the "Gneiss Package" is only para-conformable to the layering in the "Metasedimentary Package". The detailed gneissic layering in the "Gneiss Package" appears not to be persistent along strike. However, thicker units are more persistent and yet terminate at low angles against the tectonic boundary with the "Metasedimentary Package". The fuchsitic quartzite unit is the uppermost unit in the "Metasedimentary Package" and varies in thickness, but consistently marks the transition between the packages. These relationships suggest that the "Metasedimentary Package" was thrust (D0?) onto/into the "Gneiss Package" package prior to the main east-west folding event. One complicated contact relationship between the two packages occurs on the southern limb, where the "Metasedimentary Package" appears deformed and dragged onto a local north-northwest striking fault plane ( Figure 3a) . A possible explanation is that if the tectonic contact between the packages is a thrust plane then the fault may represent a lateral ramp later folded into the southern limb of the synclinorium.
Both packages have at least one phase of regional hydrothermal overprint most strongly evident near shear zones. The most significant effect of this is the retrograde epidotisation of plagioclase that reduces the strength of the intact rock material.
Cross-cutting all the rock types except the kimberlites are pegmatite dykes and a 20 to 60m thick sill of dolerite. The dolerite sill lies at about 250m below surface. An east-west striking dyke branches from the sill and rises to the surface a few hundred metres north of the pit. The age relationship between the sill and the tectonics has not been completely established, but it must post-date the formation of the major synform structure and pre-date the kimberlite. The dolerite is partially hydrothermally altered, more strongly so in the wall rock of joints. There is also evidence in drill core of at least one phase of faulting that has brecciated the sill.
All data from the detailed aerial photograph descriptions, the corelogs and pit mapping were put into the GEMCOM geological modelling package and the software's three-dimensional visualisation tools were used to improve the geometric accuracy of the syncline model. GEMCOM allows the user to interpret the lithology contacts onto pre-defined 2-D cross-sectional planes and then to join the 2-D interpretations together creating 3-D virtual solids ( Figure 5 ). Once the geological model was constructed, it was used to select representative geological sections and used by Venetia Mine and SR&K Consulting Engineers for the pit slope design (SRK, 2000a; b; Barnett, et. al., 2001 ). Ferre' (1999) undertook a brief mapping exercise to confirm the basic geological model. Professor Jay Barton of Rand Afrikaans University has been strongly involved in running projects at Venetia Mine since 1999 to expand the geological model partly beyond the mine lease area boundary and establish a stratigraphy.
The Local Jointing
The number of phases of deformation through which many of the faults and joints have been reactivated makes it difficult to create a reliable genetic model for the joint sets. The orientations of some of the sets do imply that they have been formed and reactivated at the same time as the faults during the brittle phase of the Limpopo Belt's development, post-2Ga. None of the sets are obviously axial planar to any folding. Even though many of the joints show signs of shearing, they most likely originated as joints and are still termed as such in this paper. Besides the layering-parallel joint set (J0), there are no characteristic joint surface features that allow the sets to be distinguished from each other. This makes identification difficult, and without fully understanding the complexity of the geological folding the engineer is reliant on orientation to classify joints in a set (Figure 4c ). Note that the mean azimuth and dip given in the text below corresponds to the first eigenvector assuming a clustered pole-to-plane distribution, and would therefore only be similar to the maximum contours in Figure 4 . All azimuths are given as degrees east of north. Detailed analysis of the joints and of aerial photograph lineations has suggested a genetic model for many of the joint sets. Joints strongly affect the rock masses strength and this sort of modelling enhances the engineer's ability to predict rock mass behaviour.
Layer parallel jointing
Joint set J0 is the layering-parallel "parting" or joint set. Although it is confusingly labelled J3 at the mine, it has been termed J0 in this publication for clarity. This set is the most well developed and penetrative discontinuity in the rock mass and is the controlling factor in virtually all slope stability incidents at the mine. The orientation of J0 relative to the slope face is a crucial issue. It is easily identified by being parallel to the metamorphic fabric. The orientation varies according to the local folding, but if plotted stereographically it defines the overall synform structure plunging 20 o to 30 o towards the east-northeast (see Figure 4a ). The metamorphic fabric is often defined by layers of biotite schist, and J0 therefore typically has biotite as a surface covering that reduces the friction angle on these planes.
North to north-northeast striking joints
Joint set J1 is the second most strongly developed subvertical set. It has a mean (1 st eigenvector) azimuth of 265 o with a dip of 85 o (Figure 4c ). Detailed aerial photograph interpretations by the author have shown that J1 forms in en-echelon patterns or clusters that trend towards the northwest. Such a clustering implies that the joints formed as tension fractures during north-south compression (reflecting the tectonics during the late Pan-African, personal communication M. Watkeys, 2002) . The Venetia kimberlite pipes lie towards the centre of such a cluster of J1 joints. This understanding has lead to the current emplacement model for the Venetia kimberlite cluster (Kurslaukis and Barnett, 2003) . These north-south joints are clearly of importance for the kimberlites positioning and pipe geometry. It is probable that this north striking set overlaps with a preexisting north-northeast striking set (J1b) that is particularly well developed around the K1 and K8 pipes. The orientations overlap closely making them difficult to separate, but both sets would have behaved similarly during north-south compression. The origin of the pre-existing north-northeast striking set could be related to the north-northeast trending ~2.54 Ga Great Dyke in Zimbabwe, but emplacement of that unit may predate the immediate country rock at Venetia Mine (Barton et.al., 2003) . It is more likely conjugate to the northwest striking set (see J6 below). (Figure 4c ). J2 is sub-parallel to the Lezel fault and most certainly genetically related to the fault's formation and re-activation. Both J1 and J2 appear less well-developed within the kimberlite with sub-horizontal slickensides on the joint surfaces. They have, therefore, both been re-activated along with the re-activation of the eastnortheast to northeast trending faults. The Lezel fault has extremely well developed sub-horizontal striations, similar to these parallel joints. The two sets appear to have a similar re-activation history and similar spatial distribution ( Figure 3 ). The north-south compression during the formation of J1 (see above) would have reactivated the Lezel fault sinistrally creating a dilation jog in the exact position the eastern K1 pipe intruded. This model is supported by the observation of sinistrally displaced pegmatites on an originally dextral Lezel fault described above.
West-northwest striking joints
J4 is a sub-vertical set dipping at 81 o towards 212 o ( Figure 4c ). It is well developed in the country rock and is very penetrative in the western half of the K1 kimberlite pipe. Shallowly dipping slickensides are also well developed on the joint surfaces in the kimberlite. J4 could originally have been conjugate to J2, but it has obviously also been re-activated. The westnorthwest trend is parallel to Okavango dyke swarm trend and reactivation would have occured during this dyke emplacement event (M. Watkeys, personal communication, 2002) at ~179Ma. On aerial photographs (Figure 3b ), the set forms penetrative, widely spaced lineations that cut across all faulting and fracturing. The northwest striking joints are most well developed in the north-central pit (domain 6 below, Figures 6a and b) . Examination of the face shows that the set varies in dip direction extensively from northwest to north-northeast, and appears genetically related to the north-northeast striking J1b set and the sub-vertical northwest trending minor-faults, curving away from the minor-faults towards the north (Figure 6b ). This concentration of shears and faults are found closely associated with an east-west striking fault that dips at an intermediate angle southwards, before connecting up with an easily sheared schist layer in the southern limb of the synform (Figures 6a to c) . The northwest minor-faults appear to be splays of the east-west fault. J6 shear joints would then appear to be third-order "splays" of the minor faulting. The shallower dip of minor lower-order splays in strike-slip systems is common as the vertical crustal stress has increased influence on third-order splay geometry (Price and Cosgrove, 1990) . The tendency of J6 to curve towards the north could reflect an overall north-northwest or north-south compression, with dextral strike-slip shear on major fault planes ( Figure 6 ). This model strongly conforms with the dextral transpressive orogeny model for the Limpopo Belt proposed by Holzer et. al. (1999, see their Figure 7 ). In this model the direction of shortening starts from the north-northwest (D1) and swings towards the west (D2). The north-northeast striking J1b joints (above) could then have formed during D1 as conjugate to the northwest minor faults. A final joint set J8 (dip 47 o towards 31 o ) is most easily explained as antithetic to J6. It should also be noted that the Venetia east-northeast trending synclinorium, with (final?) open north-south "warping" also fits the above model with initial northsouth compression that swings to the west.
Northwest striking joints
J6 does strike through the eastern half of the K1 kimberlite and contains slickensides. It must have also been reactivated.
The Southern Domains
The pit was divided up into eleven geotechnical domains based on geology, the existing slope configuration and the past rockmass behaviour ( set encountered is the set parallel to the metamorphic fabric (J0). Given this geological configuration in the southern pit slope, the rock is kinematically free to slide on the northward dipping J0 planes towards the open pit (Figure 8 insert) . This type of rockmass failure is termed planar failure (e.g. Hoek and Bray, 1981) . Simplistically, if the failure plane dips at a steeper angle than the friction angle for the particular rocktype then sliding will occur. In reality there is a resisting force preventing sliding because of joint surface roughness and joint recementation that collectively accounts for "cohesion". The prediction of slope behaviour in the southern domains then relies on a good understanding of the overall geometry and shear strength parameters, friction and cohesion. The geometry and friction angle is measured directly. The cohesion is more difficult to estimate. The rocks in the southern domain comprise biotite gneiss with interlayered biotite schists. There is almost always a thin layer of biotite schist on the J0 planes. The schist has a lower friction angle and cohesion that makes failure more likely.
There is a database of slope failures at Venetia Mine. By using in-house programs and retail software, each of the failures is studied and cohesion is estimated by backanalysis. This study at Venetia Mine indicated that the natural cohesion on the J0 joint planes may be very low, but more particularly by the time that the adjacent rock has been blasted and mined away the cohesion is reduced through gas and vibration damage. The cohesion may range between 0 and 30kPa, with an average of around 10kPa.
An alternative back-analysis technique is based on the assumption that the percentage of the slope face that has failed is equivalent to the probability of failure. The cohesion that produces this measured probability of failure is then estimated from back-analysis. This technique indicated cohesion of 15kPa for both domains 4 and 5, where 79% and 47% of the slope has actually failed in the respective domains.
The joints sampled in Domains 4 and 5 are summarized in Tables 1 and 2 . Domain 4 has the primary foliation dipping fairly steeply northwards by as much as 60 o . This area is only unstable on a slope scale if the J0 jointing is undercut. On a bench scale the crest of each bench is virtually guaranteed to fail. No overall slope failure has occurred in Cut 2 but 79% has planar failed bench-by-bench. Local bench-scale wedges also form from the J0 and J6 intersections in the southeastern corner, where the slope face begins to strike west. The Factor of Safety for a slope is the ratio of the sum of forces preventing failure to the sum of forces driving failure. The variables in an equation calculating the Factor of Safety are the unit weight of the rock mass, the joint orientation, friction angle and cohesion, and the slope geometry. The statistical distributions of these variables allow an output distribution of Factor of Safety to be derived (for example, by using a Monte Carlo simulation). The area under the distribution below a value of 1 represents the probability of failure (range 0-1; Kirsten, 1983) .
Based on a design probability of failure of 5% (a value agreed to with the mine's management) new slope angles of 45 o and 37 o for domain 4 and domain 5
were obtained, respectively. Unfortunately the slope change means a large increase in the required stripping ratio. The country rock breccia occupying a relatively small part of the southern slope between the K1 and K12 pipes is defined as Domain 7. The three dominant joints J1, J2 and J4 are developed within the domain (see Table 3 ). The breccia is naturally full of random discontinuities, but on a bench and slope scale it is homogeneously fractured. Since it lacks the dominant J0 fabric it is a stable domain and behaves predictably during blasting. The joint sets have very low persistence, typically less than 30cm. These joints merit further discussion. The breccia must have formed as part of the kimberlite emplacement process (see Kurszlaukis and Barnett, 2003) . The fact that the joints are developed in the breccia means that the joints formed as a result of rock deformation after the kimberlite emplacement (<519Ma). This suggests that the joints were further developed in response to reactivated movements on the faults during the Paleozoic. The Northern Domains The northern slopes of the pit mostly comprise steeply dipping biotite gneiss and schist. The layering dips northwards at 75 o to 90 o from the horizontal and defines the partially overturned northern limb of the synclinorium (Figure 6c ). Since J0 dips steeply and away from the pit, planar failure on the J0 joint set cannot occur. However, toppling (J0) and wedge type failures (on other sets) can occur. In domain 2 the layering dips at an average 82 o towards the north, but can dip as low as 70 o . The J0 joint set is still the best developed and again controls failure. It forms a parting against which the rock face can peel away in toppling failure (Figure 8 ). This is not a problem on a large slope scale because the angle of the slope leaves a wedge of rock that buttresses the toppling process. Such failure can be prevented on a bench scale by mining the bench face at an angle of 75 o or less, again leaving a buttress. The characteristics of the joints sampled in domain 2 are summarized in The upper benches of domain 6 are similar to domain 2, but at deeper levels of the pit the rock is close to the fold axis and the metamorphic layering starts to shallow towards the horizontal. Benches 6, 7 and 8 have experienced wedge failure on the shallower J0 and J6 joints planes (Table 5) . However, these failures are only of bench-scale significance. One large failure (about 100000 tonnes) has occurred in domain 6 on the intersection of J0 and a splay of the Gloudina fault (Figure 6a and Figure 8 ). This failure was triggered by excessively high rainfall in March 2000, but had little impact on the pit operation. Future slope cuts will mine away from the problem. The rockmass has experienced 5% failure by area, has a Rock Mass Rating of 52 to 57 (SRK, 2000b) and a recommended slope angle of 56 o . Domain 8 is a small relatively inaccessible part of the slope in which the Gloudina fault intersects the pit slope. The fault has caused a slope-scale failure situation where all the benches have failed from bench 1 down to bench 6. Few joints have been sampled from the area. J1, J5, J7 and J8 appear to be present in the rock. As in domain 6 above, future mining will mine away from the problem and the domain will cease to exist. More tightly controlled limit blasting practice has strongly improved the resulting face quality in this area.
The amphibolitic biotite schists in Domain 9 dip at a shallow angle towards the north and are gently folded. The area appears to part of the fold hinge zone where the fold axis steps north. Due to the fact that J0 dips at a shallow angle into the face the overall stability of the rock is very good. The only failures are small benchcrest planar failures on the J7 joint set (see Table 6 ). 7% of the domain has experienced such failure. Future slope cuts will remove this domain as well. Two criteria are used to define the extent of domain 11 along the north of the K2 pit. Firstly, Domain 11 consists of a change in rock type from the "Gneissic Package" to the "Metasedimentary Package". Secondly, the primary foliation (J0) dips shallowly northwards leaving the unweathered parts of the north wall of the K2 pit relatively stable. The top bench comprises a very poorly developed and stable marble. Below the marble lies phyllite and fuchsitic quartzite just above the tectonic contact with the "Gneiss Package". The quartzites are extremely well jointed (see Table 7 ). The top 60m of these rocks are weathered (excluding the marble) with a Rock Mass Rating of 46 to 51. The domain has a recommended slope angle of 50 o in the weathered rock and 56 o in the unweathered rock. The Hinge Zone Domains The western sidewall of the K1 pit (Domain 1) contains three moderately widely spaced joint sets of very low persistence (Table 8 ). The wall is essentially stable since the primary foliation strikes perpendicular to the face. Localized plane failure does occur where a tight anticline rotates the J0 fabric to a parallel attitude with the face. The western and eastern sides of the K2 pit are provisionally grouped into a single domain 10.
The primary layering strikes perpendicular to the pit slopes and the slopes are therefore stable. This domain will have to be reconsidered as more of the country rock in the K2 pit is exposed. The joints sampled thus far are summarized in Table 9 . Five moderately closely spaced joint sets are developed in many areas within domain 3 (see Table 10 ). The orientation of J0 in the eastern edge of the K1 pit (Domain 3) is highly variable. This complication is because of fold axes plunging into the face and the close proximity to the Lezel shear zone. However, this J0 structure is typically striking at a high angle to the slope face and very few failures occur. Wedge failures do occur on penetrative J6 joint planes, as well as against NE striking fault planes. Engineering properties of the rock Simultaneous with the geological modelling process is the ongoing collection of geotechnical data. The most important engineering data sampled from core are the joint properties, including joint frequencies, infill, geometry, alteration and orientation. Rock Quality Designation (RQD), Total Core Recovery, Solid Core Recovery, rock strength and weathering are also measured. Special attention is placed on identifying structural features or zones of weakness. Rock Mass Ratings (Laubscher, 1990) can be calculated automatically from the basic rock properties (Table 11) and the database of structural data. Table 12 shows typical average RMR data. For slope design purposes Mining Rock Mass Ratings (MRMR) are calculated from the RMR data (Laubscher, 1990) . A preliminary estimation of the slope angles could then be taken from the empirical chart of Haines and Terbrugge (1991) . The range in slope angles for all the country rock types is from 50 o to 56 o . However, the Haines-Terbrugge empirical chart accounts best for rockmass behaviour situations. It cannot be applied to the southern domains 4 and 5 where stability is controlled strongly by the orientation of the J0 joints and the cohesion on these joints. Based on the above, as well as probabilistic calculations for the southern domains, and finite difference analyses on the northern domains, the final slope angles in Table 13 are recommended (SRK, 2000a) .
Conclusion
Plane failure, wedge failure, circular (rock mass) failure, toppling failure and stepped-path failure cause rock falls in the Venetia Mine pit. Naturally these failure mechanisms are driven by the interaction of geology with the mining operation. Geotechnical domains (design sectors) used for slope design were defined based on the mine geology and rockmass behaviour in the open pit environment. In order to define domains accurately the geology was investigated by means of exploration drilling and face mapping and a model created using the GEMCOM modelling package. The model is essentially a synclinorium dominantly comprising gneisses, schists and metasediments with the southern limb dipping at intermediate angles towards the north, and the northern limb dipping steeply towards the north. The angle at which the folded metamorphic fabric intersects the pit slope is a crucial influence on the stability of the rockmass. Eleven geotechnical domains were defined.
The southern domains 4 and 5 required a detailed probabilistic approach (one that is becoming standard practice) to the design of the slopes. A risk assessment was undertaken with the mine management and it was agreed that the slope design should not exceed a 5% probability of failure if the slope contains a ramp. The existing slope angle for cut 2 of 51 o (crest-to-crest) was too steep for the southern pit slopes. New slope angles were determined such that the probability of failure of 5% would not be exceeded. As a result the southern slope angles for Cut 3 range from 45 o down to 37 o . This represents a large increase in the stripping ratio for the mine, but a very necessary step if unacceptable risks are to be avoided. A bench height of 12m at a face angle of 75 o was determined to be optimum. Future work to be undertaken by the Venetia geotechnical staff includes the fine-tuning of the geological model. The groundwater potential of these structures is currently being quantified in order for a dewatering system to be designed. Future support design may be required for structures intersecting cut 3 slopes. One of the biggest challenges is to be able to predict joint set characteristics for a rock block that is to be blasted and mined. Knowing this information is essential in order to optimise a blast. Extreme variation in the joint sets and rock types on a bench (12m) scale, and the ambiguous tectonic history of the joints and faults makes creating a geological model for the joints and ultimately the entire objective difficult to achieve. The jointing model presented in this paper should form the basis of such research. It is suggested that evidence for two dominant phases of deformation is preserved in the open pit. D1 was north-northwest compression forming the east-west syncline, and the east-west to northwest striking strike-slip faults. D2 was east-west compression forming interference folds and northeast striking strike-slip faults. Most of the joint sets can be hypothetically linked to specific stages of faulting, but all faults and associated joint sets have been re-activated after kimberlite emplacement.
The payback for understanding the jointing is substantial. Using improved rockmass information to design blasts should improve the quality of the blasting and minimize the damage inflicted by blasts on the slopes. This will lead to better slope performance and opportunities to increase the slope angles; thereby substantially improving the profitability of the mine. Table 13 . Summary of the cut 3 north and south domains with the recommended slope angles determined at the end of the design process (from Barnett, et.al., 2001 
